This article offers an alternative method of calibrating partial discharge meters for research and teaching purposes. Most current modern calibrators are implemented as precise voltage pulse sources with a coupling capacitor. However, our calibrator is based on the physical principles of dielectric materials distributed in a plane or space. Calibrator design is unique and there is an attempt to get closer to the behavior of the measured real objects. The calibration impulses are created by energy from a high voltage power supply at the specific or nominal value of the applied voltage. At the same time, it is possible to simulate the value and quantity of the discharges and their position in the object relative to the input electrodes. The calibrator creates conditions as a real measured object with adjustable parameters. This paper describes a design of this type of calibrator, its implementation, numerical simulation of discharge values and laboratory measurements with functional verification using the Tettex 9520 calibrator and galvanic measured system DDX 7000/8003 and DDX 9121b. All measurements are carried out using the CVVOZEPowerLab Research Infrastructure equipment.
Introduction
Measurement of partial discharges (PD) is nowadays conventionally used as the diagnostic method for medium and high voltage electrical devices [1] . The method is primarily intended for the measurement of insulation quality and localization of isolation defects in MV and HV cables, instrument transformers and rotating machines. However, research in this field is still ongoing and the full use of PD diagnostic methods is a matter of the future [2] . The most commonly used method of partial discharge measurement is the galvanic method according IEC 60270, which is very accurate and sensitive in comparison with other options [1] . However, the accuracy of this method depends heavily on the level of interferences from the surroundings, the quality of the pulse discrimination system (PDS), input filter settings and last but not least on well performed calibration [3, 4] . Most modern systems for PD measurement are equipped with a PDS. The suppression of interference from the surroundings is allowed by the PDSs, which are based on eliminating signals not coming from the tested objects. An example may be our Haefely DDX 8003 PD system (Haefely Hipotronics, Brewster, NY, USA), which can use two measuring channels and the antenna for the elimination of external influences. The piezo ultrasonic microphone may be an alternative to external corona elimination for other systems. Internal partial discharges occur in all tested objects from the initial voltage value and they are the most often created at sites of mechanical isolation faults, in the areas of material impurities, mechanical cracks and gas bubbles [4] . PD calibrators are used for the purpose of the calibration process, which is described in Section 2. In addition, physical calibrators can also be used to replace a test object with a defined failure. The defined fault in the test object causes a PD with a certain charge value, amplitude symmetry and phase spectrum depending on the applied voltage value. Knowledge of the PD amplitude and phase spectrum of predefined faults is the basis for its diagnostics in real objects. The aim of this research is to create a database of MV and HV cable faults simulated by physical calibrators and their verification. The verification of simulated faults was performed using the circuit calculation. The circuit is simulated in the Electronic Workbench software and the static state calculations before and during the fault are performed in Matlab Simulink software.
Calibration Process
The calibration process must be performed before each PD measurement. Each change of the measured circuit (change of the measured object, interconnecting conductors, input filter settings) leads to a change in the conditions of RF current pulses propagation that are generated by the failure in the test object [4] . The calibration process involves injection of a known amount of charge into the test object electrodes with the use of standard external calibrators. The value of charge is an order of magnitude consistent with the expected value of the measured object. One or more pulses are generated by these calibrators within one period of the power grid signal and their amplitude is related to the size of the set charge level of partial discharge and capacity of coupling capacitor of PD measuring system. Calibration impulses can be also generated synchronously with the power line frequency. This feature is provided by advanced calibrators, such as the Tettex 9520 (Haefely Test AG, Basel, Switzerland). The calibration is always based on the creation of pulses predefined by the calibrator, which is parallel connected to the tested object. The principle of the calibration process is the assignment of the absolute value of the PD charge Q P or Q IES by the measuring system to the set charge value generated by the calibrator.
Calibrators can be realized as external devices or may be formed by impulse generators and the HV injection capacitors. For the PD system, these impulses are identical to the impulses formed inside of the tested object. Unfortunately, the creation of impulses by test objects is significantly more complex. PD within the test objects causes charge flows from the space charge of the dielectric to the point of failure. The part of the charge is also compensated from the power supply, or from the PD system coupling capacity. Moreover, only this part of the charge is expressed as the high frequency current impulses, which are measured by the system [1] .
However, most of external calibrators are able to calibrate only the charge level, but without consideration of fault location inside the test object. Flows of charges inside the test object are influenced by the location of the fault. The level of asymmetry of charge value within the positive and negative polarity is generally caused due to unbalanced faults with respect to the electrodes (ground electrode and HV out electrode). The measured PD charge value of real objects is changed depending on the position of the discharge location relative to the input electrodes. An example may also be medium or high voltage cables according to IEC 62067:2001. The measured value of the charge is also dependent on the position of the calibrator at the beginning or the end of the cable. The value can vary by approximately 20% at 20 m MV cable. Overall, the accuracy and sensitivity of the measurement is influenced by the asymmetry and complexity of the measured object structure. The asymmetric localization of a partial discharge in the measured object affects the symmetry of the phase spectrum in the positive and negative polarity parts. Simulation of these phenomena is impossible by standard low voltage calibrators. That is also why our calibrator was developed, which allows setting the PD charge value, producing more different pulses within one period and operating at the nominal voltage level of the test objects. Asymmetrical failures can be simulated as well. In the paper, a design and implementation of extended external galvanic calibration systems for the PD measurement is described. The proposed calibrators are based on numerical models of partial discharge inside the solid dielectric materials, but they are also designed as the physical models represented by the capacity networks and mechanically modified solid dielectric materials. Tested MV cable samples were mechanically damaged to form faults. The position of faults in damaged cables coincided with the fault position simulated by the calibrator. Also, more than 10 used cables with failures were tested and analyzed. These disorders originated naturally-by local mechanical and thermal degradation and aging of the insulation material. The test results at different voltage levels have proved the ability of the calibrated measuring system to locate insulation defects.
Currently Used PD Calibrators
All currently used calibrators are based on a simple low voltage generator of impulse or saw-tooth voltage waveform with a defined polarity and the voltage level. Examples are the Tettex 9520 calibrator and the Robinson Miniature Discharge 753US-1PD simulator (Haefely Test AG, Basel, Switzerland). Most of these calibrators are supplied from the internal accumulators. Therefore, they are implemented with galvanic separation. The principle of these modern calibrators is described in [5] . Generating asymmetrical or partially symmetrical pulses and the value of the charge in the PD depending on the supplied voltage is not possible by none of the commercially offered calibrators. Moreover, normal laboratory calibrators cannot work as a reference, with exact dependencies of the PD value on certain HV voltage level. PD calibrators developed in our laboratory meet the following parameters. These calibrators can also be connected in parallel to the test object at nominal voltage or they can be used separately for collecting information into a failure knowledge database.
Physical Calibrator Requirements
The aim of the physical calibrator is the simulation of charge caused by the failure on real test objects. The calibrator must be designed for the same test voltage as the test object (nominal voltage of power distribution networks components, e.g., 10 kV or 22 kV). The range of the produced charge should be from units of pC for insulators and HV cables, up to tens or hundreds of nC for power transformers and mechanically more complex objects. Requirements for the calibrator are summarized in the following points:
• The operating voltage difference potential from 0 V to approximately 30 kV AC.
•
The option to choose the location of the fault (symmetrical or asymmetrical).
Setting the charge value of PD in the range of 0.1 to 1000 pC depending on the applied voltage.
Low corona design and easy reconfigurability of charge value parameters or fault position.
Schematic and Numerical Model of Calibrator
The new calibrators are based on the capacitor network. Electrical parameters (dissipation factor, permittivity) of commonly used ceramic or PP high voltage capacitors are approximately identical with the properties of solid PE, XLPE dielectrics. We suppose that the model dielectrics can be implemented as a flat (2D) or three-dimensional (3D) arrangement of electronic elements. The 3D model corresponds more to the reality of the measured objects parameters, however, the possibilities of its implementation and parameters settings are more complicated for users. The flat model is a sufficient solution for PD simulation and testing of measurement systems. In addition, rotationally symmetric objects can be satisfactorily replaced by this 2D model. The capacitor network is realized with a certain step that corresponds to the physical dimensions of the real dielectric in the order of several tenths or units of mm.
The network of our Calibrator "Model A" is implemented as flat model with 5 × 12 partition steps. PD, breakdowns or short circuits between the junctions can be implemented with an external circuit, which can be connected between any junctions of the circuit. Schematic of this network for simulating is shown in Figure 1 . The numerical calculation of individual model nodes is performed in Matlab software, Matlab Simulink is used to calculate steady state. The second calibrator "Model B" is designed and implemented as a three-dimensional device. This model is made of transparent solid PMMC dielectric material. Part of the circuit between input electrodes is removed and can be replaced by other solid, liquid or gaseous dielectrics. The last calibrator "Model C" is the latest and most sophisticated. This calibrator is a flat model of MV cable and its scheme is shown in Figure 2 . The design of "Model A" and "Model C" calibrators was based on knowledge of [6] [7] [8] and the physical dimensions of the MV cable faults. The simulation of PDs is performed by a fast change of part capacity between two junctions. The behavior of the circuit is based on the Gemant and Philippoff model [9] -three capacitance circuit schematically illustrated in Figure 3 . More precise models can be based on Böning [3, 10] The second calibrator "Model B" is designed and implemented as a three-dimensional device. This model is made of transparent solid PMMC dielectric material. Part of the circuit between input electrodes is removed and can be replaced by other solid, liquid or gaseous dielectrics. The last calibrator "Model C" is the latest and most sophisticated. This calibrator is a flat model of MV cable and its scheme is shown in Figure 2 . The design of "Model A" and "Model C" calibrators was based on knowledge of [6] [7] [8] and the physical dimensions of the MV cable faults. The second calibrator "Model B" is designed and implemented as a three-dimensional device. This model is made of transparent solid PMMC dielectric material. Part of the circuit between input electrodes is removed and can be replaced by other solid, liquid or gaseous dielectrics. The last calibrator "Model C" is the latest and most sophisticated. This calibrator is a flat model of MV cable and its scheme is shown in Figure 2 . The design of "Model A" and "Model C" calibrators was based on knowledge of [6] [7] [8] and the physical dimensions of the MV cable faults. The second calibrator "Model B" is designed and implemented as a three-dimensional device. This model is made of transparent solid PMMC dielectric material. Part of the circuit between input electrodes is removed and can be replaced by other solid, liquid or gaseous dielectrics. The last calibrator "Model C" is the latest and most sophisticated. This calibrator is a flat model of MV cable and its scheme is shown in Figure 2 . The design of "Model A" and "Model C" calibrators was based on knowledge of [6] [7] [8] and the physical dimensions of the MV cable faults. The part of the charge is then quickly transferred in the calibrator components. Thus the fast current impulse is flowing from the supply circuit to compensate the change of capacitance charge. These impulses can be created several times during one period. This type of PD can be simulated numerically by quickly short connecting two junctions in the capacitor model for a short time period. This connection can be synchronized with the phase of the applied voltage period. The practical implementation of a fast, lossless switch is complicated. In a physical model, using fast, voltage controlled semiconductor elements or gas filled overvoltage protections is recommended.
At present, "Models A" and "C" were designed, simulated, implemented and laboratory tested. The first "Model A" is formed by a network of capacitors and allows simulating the partial discharge in one or more places between junctions at the same time or within one period. The model allows creation of a partial discharge q 2 (t) with a set value from 0.1 to 1000 pC. This PD can be created in a variety of locations nearby the input electrodes, in the central part of the model or on its sides. The calculation of overall charge q 2 (t) change is possible by the simulation software (e.g., Electronic Workbench software). The external circuit can be turned on at the set value of voltage vp 1 (t). The value of the voltage is proportional to the parameters of the impurities in the material, to the physical size of the inclusions and the mechanical failures and their chemical composition. Thus the real behavior of dielectric material is simulated in this way.
Most of the faults in real objects are not symmetrical. Typically, they are not located in the vicinity of the axis of the object or its central part. They can be also located at its edges or near the input electrodes. The voltage drop on the fault or the current taken from the power supply is not symmetrical. An example may be the connection of external circuit between 2B and 2C junctions. The set peak value of PD q 2 (t) is 10 pC. The voltage drop on the external circuit vp 1 (t) and the impulse current ip 2 (t) taken from the power supply is shown graphically in Figure 4 . Red curve-voltage drop waveform on fault and current pulses, blue curve-waveform of applied voltage. The part of the charge is then quickly transferred in the calibrator components. Thus the fast current impulse is flowing from the supply circuit to compensate the change of capacitance charge. These impulses can be created several times during one period. This type of PD can be simulated numerically by quickly short connecting two junctions in the capacitor model for a short time period. This connection can be synchronized with the phase of the applied voltage period. The practical implementation of a fast, lossless switch is complicated. In a physical model, using fast, voltage controlled semiconductor elements or gas filled overvoltage protections is recommended.
At present, "Models A" and "C" were designed, simulated, implemented and laboratory tested. The first "Model A" is formed by a network of capacitors and allows simulating the partial discharge in one or more places between junctions at the same time or within one period. The model allows creation of a partial discharge q2(t) with a set value from 0.1 to 1000 pC. This PD can be created in a variety of locations nearby the input electrodes, in the central part of the model or on its sides. The calculation of overall charge q2(t) change is possible by the simulation software (e.g., Electronic Workbench software). The external circuit can be turned on at the set value of voltage vp1(t). The value of the voltage is proportional to the parameters of the impurities in the material, to the physical size of the inclusions and the mechanical failures and their chemical composition. Thus the real behavior of dielectric material is simulated in this way.
Most of the faults in real objects are not symmetrical. Typically, they are not located in the vicinity of the axis of the object or its central part. They can be also located at its edges or near the input electrodes. The voltage drop on the fault or the current taken from the power supply is not symmetrical. An example may be the connection of external circuit between 2B and 2C junctions. The set peak value of PD q2(t) is 10 pC. The voltage drop on the external circuit vp1(t) and the impulse current ip2(t) taken from the power supply is shown graphically in Figure 4 . Red curve-voltage drop waveform on fault and current pulses, blue curve-waveform of applied voltage. The rotationally symmetrical 3D "Model B" is implemented purely from a dielectric material. The electrical diagram of this model in the flat section is shown in Figure 5 . Also, it is possible to use the ANSYS software simulator to determine the approximate values of transferred PD charge. However, this model is mainly experimental for verification and comparison of the different dielectric and composite material properties. The model is partially based on the experience of [11] . The rotationally symmetrical 3D "Model B" is implemented purely from a dielectric material. The electrical diagram of this model in the flat section is shown in Figure 5 . Also, it is possible to use the ANSYS software simulator to determine the approximate values of transferred PD charge. However, this model is mainly experimental for verification and comparison of the different dielectric and composite material properties. The model is partially based on the experience of [11] .
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Implementation of a Physical Model
"Model A" is made of 10 nF ceramic capacitors type CC81 with a low dissipation factor < 0.5%. The maximum voltage of the "Model A" is 30 kV and the maximum voltage drop Vp 1 between two junctions is about 3 kV in the idle state. However, the simulations showed that the impulse voltage drop vp 1 (t) on the capacitor at current impulse of PD can reach up to 7.5 kV. Therefore, capacitors with a nominal voltage of 10 kV were chosen. The value of the transferred charge q 2 (t) is dependent on the choice of PD location and the settings of the threshold voltage vt 1 (t) of the ignition system. The model is designed for a wide range of transferred charge q 2 (t) from 0.1 to 1000 pC. Low corona connection is provided by the external spherical electrodes. And this model offers an easy option of reconfiguration and setting the correct value of pC with the help of software simulators. All 60 junctions are available for connecting the ignition system. The model also allows for creation of asymmetric faults. The physical realization of the "Model A" is shown in Figure 6 . 
"Model A" is made of 10 nF ceramic capacitors type CC81 with a low dissipation factor < 0.5%. The maximum voltage of the "Model A" is 30 kV and the maximum voltage drop Vp1 between two junctions is about 3 kV in the idle state. However, the simulations showed that the impulse voltage drop vp1(t) on the capacitor at current impulse of PD can reach up to 7.5 kV. Therefore, capacitors with a nominal voltage of 10 kV were chosen. The value of the transferred charge q2(t) is dependent on the choice of PD location and the settings of the threshold voltage vt1(t) of the ignition system. The model is designed for a wide range of transferred charge q2(t) from 0.1 to 1000 pC. Low corona connection is provided by the external spherical electrodes. And this model offers an easy option of reconfiguration and setting the correct value of pC with the help of software simulators. All 60 junctions are available for connecting the ignition system. The model also allows for creation of asymmetric faults. The physical realization of the "Model A" is shown in Figure 6 . Physical Calibrator "Model B" is designed for voltages up to 50 kV AC (100 kV with external electrodes). However this model is less sensitive in comparison with "Model A" and "C". Overall, the "Model B" is designed and implemented as a rotationally symmetric capacitor with a small radial cavity in the middle. It is possible to insert test materials into the cavity (homogeneous materials, inhomogeneous, porous, with air or gas bubbles etc.). The photo of the latest version of "Model B" is presented in Figure 7 . The input electrodes of "Model B" are made of aluminum in conical design. The construct material is a homogeneous cylinder of PMMC. Into the radial cavity located in the middle of the cylinder, it is possible to insert other kinds of solid or porous materials. Inhomogeneous electric field is produced in the vicinity of the input electrode. However, the electric field becomes uniform in the direction to the cavity. The formation of PD is minimized inside a homogeneous part of cylinder and discharged are appearing only in the cavity. Mineral oil or petroleum jelly can be used to prevent the formation of undesirable PD in the transition of the air gaps between the cylinder material and the tested material. The design of the model prevents the formation of the external corona of up to 100 Physical Calibrator "Model B" is designed for voltages up to 50 kV AC (100 kV with external electrodes). However this model is less sensitive in comparison with "Model A" and "C". Overall, the "Model B" is designed and implemented as a rotationally symmetric capacitor with a small radial cavity in the middle. It is possible to insert test materials into the cavity (homogeneous materials, inhomogeneous, porous, with air or gas bubbles etc.). The photo of the latest version of "Model B" is presented in Figure 7 .
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Ingnition System of the External Circuit
The ignition system is designed for the "Models A" and "C". The purpose of this ignition system is to ensure the relocation of the charge q 1 (t) within the test object. The charge q 1 (t) is determined by the ignition voltage and the value of the capacity C 1 , which can be shorted. The ignition voltage can be set from the units of Volts to the hundreds of Volts. Coupling capacity can be chosen from pF to tens of nF. It is possible to drive the ignition system by fast electronic circuit. However, a simpler solution is to use same of different Zener diodes "C", transils "D" or gas surge protections "B". The disadvantage of this solution is only one set value of the ignition voltage. For the change of charge or ignition voltage values, it is necessary to change the electronic component coupling capacitors C 2 or value of working capacitor C 1 . All electronic schematics of the tested ignition system are shown in Figure 8 . In all cases the value of the transferred charge q 1 (t) it is possible to determine for one ignition of the PD (one current pulse ip 1 (t)) or for all the impulses within one period. The charge change value q 1 (t) at the fault location or the charge change value q 2 (t) of the whole calibrator circuit can be determined by calculation or SW simulation.
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The ignition system is designed for the "Models A" and "C". The purpose of this ignition system is to ensure the relocation of the charge q1(t) within the test object. The charge q1(t) is determined by the ignition voltage and the value of the capacity C1, which can be shorted. The ignition voltage can be set from the units of Volts to the hundreds of Volts. Coupling capacity can be chosen from pF to tens of nF. It is possible to drive the ignition system by fast electronic circuit. However, a simpler solution is to use same of different Zener diodes "C", transils "D" or gas surge protections "B". The disadvantage of this solution is only one set value of the ignition voltage. For the change of charge or ignition voltage values, it is necessary to change the electronic component coupling capacitors C2 or value of working capacitor C1. All electronic schematics of the tested ignition system are shown in Figure 8 . In all cases the value of the transferred charge q1(t) it is possible to determine for one ignition of the PD (one current pulse ip1(t)) or for all the impulses within one period. The charge change value q1(t) at the fault location or the charge change value q2(t) of the whole calibrator circuit can be determined by calculation or SW simulation. Capacitors C2 are coupling and capacitor C1 is a working one. Only this capacitor is shorted by the ignition system and the shorted differential charge q1(t) is compensated by an external circuit. The part of differential charge q2(t) is also compensated by power supply circuit with coupling capacitor and this part of charge is measured by PD meas. systems. Therefore, there are also differences between the ignition value set of charge q1(t) and the charge q2(t) measured by the PD meter in external circuit. The first Circuit "A" in Figure 8 is a theoretical circuit, which is used for the purpose of simulation. This circuit is implemented with two fast electronic relays, which are set to a threshold voltage level vp1(t) = vt1(t) in both polarities. Unfortunately, mechanical relays are not fast enough for practical use. Gas discharge tube surge arresters or neon tubes are used in the circuit "B". This solution proves to be the most reliable, fastest, and most similar to the actual partial discharges. Alternative circuits are the circuits "C" and "D" that use symmetrical or asymmetrical fast semiconductor components with a fixed value of the ignition voltage vt1(t). In our case-mainly fast and powerful 600 W or 1.2 kW transils are used for most practical measurements.
Laboratory Verification of Simulators Function
Verification of functionality, parameters settings and determination of deviation from simulated parameters of all calibrator models were carried out using:
• Haefely Hipotronics DDX 7000 with internal calibrator, 1 nF coupling capacitor CB and 100 pF injection capacitor CI. Measurements were performed in the frequency range 20-200 kHz with a background of approx. 0.8 pC. Capacitors C 2 are coupling and capacitor C 1 is a working one. Only this capacitor is shorted by the ignition system and the shorted differential charge q 1 (t) is compensated by an external circuit. The part of differential charge q 2 (t) is also compensated by power supply circuit with coupling capacitor and this part of charge is measured by PD meas. systems. Therefore, there are also differences between the ignition value set of charge q 1 (t) and the charge q 2 (t) measured by the PD meter in external circuit. The first Circuit "A" in Figure 8 is a theoretical circuit, which is used for the purpose of simulation. This circuit is implemented with two fast electronic relays, which are set to a threshold voltage level vp 1 (t) = vt 1 (t) in both polarities. Unfortunately, mechanical relays are not fast enough for practical use. Gas discharge tube surge arresters or neon tubes are used in the circuit "B". This solution proves to be the most reliable, fastest, and most similar to the actual partial discharges. Alternative circuits are the circuits "C" and "D" that use symmetrical or asymmetrical fast semiconductor components with a fixed value of the ignition voltage vt 1 (t). In our case-mainly fast and powerful 600 W or 1.2 kW transils are used for most practical measurements.
Verification of functionality, parameters settings and determination of deviation from simulated parameters of all calibrator models were carried out using: Calibrator "Model A" has been validated on the accuracy of setting the level of the measured charge q 2 (t) by Tettex DDX 9121b. The value of pulse q 2IEC (t) charge taken from the power supply circuit was set by the ignition system. The value of the charge has been determined by simulation. For simplicity, only one pulse per period or two pulses per period in the symmetric partial discharges have been used. The value of maximum error is 30% for DDX 8003 and 20% for DDX 9121b. The results of simulation and measurement are described in Table 1 . All these values are for two pulses per one period. The generated pulses by "Model A" and "C" pulses are very similar to PD of MV cables. The pulse width at 50% amplitude is between 5 and 10 µs, thus they are easily detectable by PD detectors with a frequency range of 20 to 500 kHz.
The charge value PD is given either as a peak value Q peak (Q P ) or as a Q IEC value according the IEC standards, which is the largest repeatedly occurring PD magnitude. The Q IEC value is the most commonly reported value in simulations or measured in measuring devices. Calibrator "Model A" has been validated on the accuracy of setting the level of the measured charge q2(t) by Tettex DDX 9121b. The value of pulse q2IEC(t) charge taken from the power supply circuit was set by the ignition system. The value of the charge has been determined by simulation. For simplicity, only one pulse per period or two pulses per period in the symmetric partial discharges have been used. The value of maximum error is 30% for DDX 8003 and 20% for DDX 9121b. The results of simulation and measurement are described in Table 1 . All these values are for two pulses per one period. The generated pulses by "Model A" and "C" pulses are very similar to PD of MV cables. The pulse width at 50% amplitude is between 5 and 10 µs, thus they are easily detectable by PD detectors with a frequency range of 20 to 500 kHz.
The charge value PD is given either as a peak value Qpeak (QP) or as a QIEC value according the IEC standards, which is the largest repeatedly occurring PD magnitude. The QIEC value is the most commonly reported value in simulations or measured in measuring devices. Simulated PD values are calculated for voltage range 2.3 to 10 kV of input voltage V1. All practical measurements were performed on "Model A" and measured by DDX 8003. The result of the measurement is the verification of the correct function of the physical calibrator "Model A" in the whole range of simulated charges from pC to nC. The measurement results are shown graphically in Figure 9 . The test also included a withstand voltage test and a corona test at a maximum voltage of 30 kV. Corona did not appear in practical measurements. Simulation of symmetric and asymmetric faults on "Model C" has also been successful. Malfunctions of insulation condition of MV cables were simulated in the range of 0.5 to 5 pC. The deviations between the simulation and the measured values are about 10%. The data obtained from this model will be used as samples of standardized MV cable faults in the database system.
The Calibrator "Model B" is designed for the measurement of tested material properties. Four different solid materials were selected for testing in the Calibrator "Model B". The measured values for the individual materials are shown in Table 2 . Measurements of Calibrator Model B have shown that this device is sensitive enough to measure inhomogeneities, cracks and gas cavities in homogeneous solid insulating materials. This calibrator is therefore mainly suitable as a demonstration tool for simulating partial discharges in solid dielectric materials, for example, used in MV and HV power cables. Again, data for material samples can be stored in the database system for future comparison of measured samples or mutual comparison of different samples.
Discussion and Conclusions
This article summarizes the basic information of our long-term research activities in the design, implementation and practical measurement of PD using non-traditional partial discharge calibrators. The purpose of these calibrators is to imitate real test objects more accurately than electronic calibrators. For the time being, the measurements of very low PD values (below 5 pC) in MV cables by these calibrators have also proved to be beneficial. Also, collecting the examples of amplitude and phase spectra for predefined faults of MV cables is of great benefit.
Above all, the possibility to use this type of calibrators for mutual relative comparison of different systems makes it a unique tool for laboratory use, further research in MV and HV cables, new dielectric materials and sensitive PD measurement systems. The simulation possibilities of individual processes in the insulation dielectric materials are a suitable tool for final student's thesis (bachelor's, master's or dissertation thesis). Also in addition, it is possible to use these calibrators for practical laboratory exercises and precise measurement for simulations and practical verification of set parameters and PD on voltage dependences.
The features and options of the Calibrators "Model A" and "Model C" allow the simulation of all possible faults as in the real objects, especially MV cables and instrument transformers. One or more symmetrical or asymmetrical partial discharges can be simulated at the same time, within one period. The "Model B" allows testing the real materials and measuring their properties. Calibrator "Model B" can be used to measure other electrical parameters such as permittivity and dissipation factor in combination with an electronic bridge. And the main measured parameter is a partial discharge depending on the applied voltage. The sensitivity of the "Model B" is sufficient for measurements from 100 fC.
Further development of these calibrators will be directed to increasing the sensitivity, the elimination of external influences and the option settings. Another goal is to reduce the errors between the software simulations and the practical settings of the calibrators. 
